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If an oscilla+ \ of neutrons la placed in a dif-
fusing and reproducing medium, the flux distribution in the
mediun will be affected \y this oscillation. If tl riod
oscillation is lew in relation to the periods of the
delayed neutrons, the n.utrcn intensity In the assembly rlaea
and falls as a who basir tionary shape being main-
tained. As the fr ^y of csel on increases, the
nature of the neutron response changes from the evoraU fliic-
tuati< UPttt Ic at lei | to
and attenuated wave which ersanatet from the vicinity of the
oscillator.
As the neutrons diffuse at a finite velocity, the wave
phase differs at. various locations throughout the tjlw •
By an analysis of this phase shift and a determination of the
wave amplitude, an evaluation of the characteristics of t l-
medium can be made*
Murray (3) discusses the prir.oi ivanta?es of a sub-
clcal assembly f namely relative !ov. cost and safety. In
addition, he discusses the use cf steady sources In a sub-
critical assembly to determine either the materials buckling
or the thermal diffusion length.
utilizing a periodically varying I , one should
b« able to measure these quantities in very small assemblies
simply by increasing the frequency of oscillation. A aethotf

has been investigated to permit rapid measurements cf the
phase lag and the relative amplitude of the neutron wave
within a natural uranium, graphite moderated su* -critical as-
sembly. The method is relatively free of dependence on data
:ts, and can be extended with moderately simple changes to
other subcritical and critical -tors.
In addition, this experiment wr*3 concerned with an in-
vestigation of the cha: "isties of the neutron wav
throughout the assembly and any possible conflict with ?
ory. The source t-rms were derived and the effects of the
higher harmonics of the source terra were investigated*

II. tlfXM OF THE 7
lh« use of the theory of neutron waves In the measure-
t of nuclear parameters was first suggested by Weinberg
and i>chv. )» In a 19^£ paper, the characteristics of
oscillating absorber in a critical reactor were discussed.
It was deterndned that the oscillations caused reaotcr-vi
synchronized fluctuations of U frequencies low in
relation to the inverse period of the delayed neutrens.
uency was increased y definite waves were formed,
comparing the wave Magnitude of a "standard'' absorber with
that of an unknown absorber, the absorption eros3 section of
the unknown could be d !«
Weinberg ar.d erived the aquations for wave
motion due to a point source in an infinite diffusing or
multiplying medium. nations for the wave velocity, at-
tenuation distance, and wave length ware derived as functions
of the oscillator frequency. In a manner analogous to
Angstrom's cyclic method of measuring thermal conductivity,
rulas for the diffusion coefficient in a diffusive
medium, and the material buckling of a multiplying medium are
derived. It is shown that tfci char-act erlttie lengths and
ities are dependent on the "prompt" mate Lai buckling,
that is the buckling due to prompt n-utrons only, and as a
consequence, experiments for measuring the prompt buckl:'
can ba made in smaller systems than are required for ex-

ponential experiments, simply by waging tho source oscillate
at high frequencies.
Campbell and Stelson (l) made relaxation tine measure-
ments cf the fundamental mode of thermal neutrons leakiaf
from a suberitieal Xr *' t water solution. A square wave,
pulsed neutrcn source was developed by impinring modulated
high energy protons en a beryllium target, which in turn *>
cited a uranyl fluoride solution. ?h* vclumc of the as-
sembly, hence the buck"* ' ^, was varied an' V. fa of
the neutrons determined over tho appropriate range*
ilcvs" i in FlflMt lalf conducted some r tion
with neutron waves* With Horowitz (V), he de' the
transport mean free path of thermal neutrons in heavy water.
In Sweden, trand (5) ha 3 developed a method of
determining prompt neutron decay time and the amount of re-
activity by which a reactor is bolov critical! ty, using
neutron waves. The waves were generated by the action of a
modulated ion beam impinging on a 2r-T target. A (T,D) re-
action caused the emission of ifc mev neutrons. The flux was
measured by a BF-* proportional ecur "eeding into 9 ^0
channel time analyzer, permitting a study cf the time varia-
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An analysis < f utron wave propapaticn has been de-
veloped by Unrig . If a sinusoidal source of neutrons is
utilized in a subcritiesl assembly, the variation of the flux
thr the assembly will be sinusoidal. For low fre-
quencies, the flux throughout th^ assembly varies in phase
with the source strength variation. As the frequency of
variation cf scuree strength increases, the flux continues
to vary with the period of the oscillating source, but due
tc the finite tlM required for the neutrons to travel up tfc
assembly, a defir.: :.ase lag develops. At very hlr.h fre-
quencies, this lag way amount to several cycles. by analysis
of this variation of phase and the attenuation c ' w^ve
with vertical position, MM characteristics of the waves and
the assembly e*n be dtterrined.







placed at the base of a suberitieal assembly. As a negative
source strength is impossible, S
c
must of necessity be frrea*
than S. Thro\;>~hcut the medium, the flux will have the same
Uhrip, . 1*| Ames, Iowa. Neutron waves in a sub-
eritieal assembly. Friv3te ccmur lention. 1959.

time dependence as the source, a the multiplication of
the aatambly is net too large, the flux may be vri' as
4><r,t) = 3E (r) I(p) ei<ot (2)
which implies that the variaUes of space and tina are
separable*
If a volume is sr i in a region where most of the
utrons have been produced by fission, the non equilibrium
diffusion equation for thermal neutrons can be used
, i k ^ * e * *>= tHa < p^ a T v 3t0'2* - * n + 'S,.S.«"
B,V J ( 3>
where D ^
<f
is the net diffusion intc the sriven volume, 2 i
is the- number of neutrons absorbed in the volume per unit
«§tor
time, k M • 8 ^ is the Integrally f< I fission neutrons
and the term *5f cr onds to the net population I e of
neutrons per unit volume per unit time. The source term ti
given in Glasstone and I.dlund ("), and is composed of the
prompt -.ultiplicatlon factor, k ^ , used because the period
of oscillation is small compared to the lifetime of the de-
layed neutrons, 2 <j>, thr resorption by fission material per
-B2 T
Lt time, an J exponential term a 2 to account for
leakage durinr the thermalizing period. The *•!«# 'leraent
investigated is selected away from the source, and sourer
neutrons are considered to be intrc : into the system only













The steady state portion of the f nay be separated out as
»v 2v s a i * * 2, rB \ = (5)
If the static material buckling is defined by
SnT. -B2 1
^^[V*- 1] (6)
iticn 5 reduces to
V 2 I +."1 =0 (7)
o mo
As the assembly is a rectangular parallelepiped, - sian
coordinates are selected, an ntion 7 I ~es
ax2 ^y2 ^z- m c
It is assumed that 5 can be expressed as independent func-
tions of the three coordinates chosen, or
2 m X(x) XCf) Ma) (9)
Substitution of liquation 9 into Equation p , and dividing all




oince earh tra cf ruction 10 is a function of one variable
only, it - be satisfied If orm is equal to a
2
constant. If these constants are s ^ed eqwil tc ~o<
,
2 2
- jS , and r , Equ tlon 10 1 9t
-*
2
-A 2 +-2T 2 + B2 (11)
IflMN







The solution t( Equatla ies
X(x) = A1 ros°(x » C 1 sin<Kx (12)







"he boundary renditions sti that the flux will vanish
at the extrapolated boundaries , or
5 (9/2 f y,z) a 2" (x,b/2,z) I <x f y,e) =0 (V






ros ^^ I, 3, 5, ...
Y(y) .i2 cos











If values of z near the top are excluded, the end correction
tor in th- squire brackets is approximately one. As there
are an infinite number cf odd integer values for m and n, the
•ral solution for the flux is a linear summation cf I
possible solutions
J (x,y,z) = S SA^ cos »£* cos ^ e'*™* (If)
m^l n=l
It is tc be seen in Iqu'tion 15 that t is the inverse re-
laxation length cf the mn mode in the z direction. This is
the same inverse relaxation length that would be character-
istic of a subcritical assembly with a steady scuree. The
solution for ~£ shows th-^t
oc m &3L ( l6 )
a - IL2C
P " b
stitution of Iquition 16 into Iquation 11 yields the value
of this inverse relaxition length
'J-M"*W*-< (17)





in the assembly, the steady state component, tion 5, is
subtracted from the diffusion equation, Iqu^tion K , to give
V




or, if the complex material buckling is defined as
the tin© dependent flux equation becomes
v 2 f |S 2 $ - (21)
It is of interest tc note that the complex material buckling
is composed of the static material buckling and an i^arrinary
frequency dependent term. Substitution of J: qua tion 6 into
iticn 20 yields
Pi - < - <* <»>
The solution of Equation 21 is identical in fcr^i to the solu-
tion of the steady state equation ition 7* if the same








CCS ^T^ • "' fflb (23)
r#i ? „ i3 the inverse relaxation length for the ran mode
' mn
of the time dependent portion of the flux, and is given by
2tf-M^W -tf <2U)
Substitution of Equation 15 and Equation 23 1 nation
2 gives the solution fcr the neutron flux as a function of
space ana time








-? *I mn (25)
For an evaluation of the constants, A
ran
and C , see Appendixm
C.
If @ of Equation 22 is substituted into Equation 2U,
it can be seen that the complex inverse relaxation length is
} mn ^^(Vf-B^i v^D (26)
If Iquaticn 17 and 26 are compared, the steady state inverse




- mi am vD (27)
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Substitution of Equation 29 into Iquation 25 givei




z + i m -
yj - *J!^ mn r.n
b x 1) 3j 5> •••
n 1) 3» 5» •• (30)
The steady state component is represented in the brackets
-a z
by the term e !cn . It can be seen that this steady state
t is .'attenuated in the z direction with an inverse
relaxation length cf fm.* The remainder of the bracketed
term is associated with the attenuation »f the Hjm varying
flux, and is of the form
»%1 + U&% - |»)
where the parameters fy and ? w*^ *>* defined later. is








which can be analyzed aa a periodic sinusoidal fur having
- Per
amplitude of • , a wave f- y oo , and a lag
angle of 5*z. hi component pR* is a measure of the amplitude,









The vave is produced at a freqreney 60 by the oscillator, hut
distance it | fraa th g to I point
z, there is a lap •neetmtarae! to tfz, fhi t&M T
for the w«ve to travel fr< senrr-p to tha polttt z, If
Ml ir distance divided by tha wav " e-rity, or
T = f- (32)






To find the wave velocity, equate lions 32 and 33
V = ^
w
L ' mn mn
j-he phase angle d of the neutron wave is related to the
neutron wave velocity by
T = t = ^ (35)













V 2 - * 2
z = z (36)
where H is tfca frequency depe MAtl M of proportion-
ality.
al component cf the inverse relaxation length, fV
can be determined from a serii-logarithnic riot of the neutron
wave amplitude, ^ versus z.
'./Stitution cf Equations 17 and 28 intc tion 31






Inspection of Equation 36 indicates that the value
^




- 7$ * (3°)








Comparison c nation 37 and liquation 39 shows
CO













Substitution of this value of D Into *7qu-.ticn 37 or Equation
39 gives a value for the I 'ng
< - sT • it f - i t*>
'^hc subscripts mn have been dropped in the equations for the
•terial buckling as the definition of material buckling
specifically applies to the m * n = 1 mode.
It is apparent from Equation *+2 that the materials
buckling can be fcund if the values of ^ and fp, and the
physical dimensions of the assembly are krovn. With these
values known f plus the frequency of oscillation and the
neutron thermal velocity, the diffusion coefficient can be
found from . m Vl«
J&»r
.
V. BQ ' STAL YT
A, Suberitieal Assembly
The graphite moderated suberitieal assembly of the Iowa
:y was utilized in tMs m t. °e east
face of the assembly which 1* shown In Fi/rure 3 consists of
fourteen layers of AGR grade iktj the lower I layers
Measuring 6 rl x 6" x 62" while the upper layers were J* i 6"
x 62" blocks. Xfca "extrapolation length" of the assembly has
been calculated as 0.75 inches (6). it assembly was covered
on the tcp and sides by a . Inch sh^et of cadmium sand-
wiched between a plywood -ma sonite retaining wall. This Ml*
miurr produced an effective 'black wall" for thermal neutrons.
The distance between the eadmlum sheets In the north-south
direction was 60.5 inches? in the east-west direction, 62.5
inches, giving an effective size of 62.0 by 6U.0 inches,
height of the graphite In the assembly was ?9«0 inches.
Each block of the assembly had rounded corners so that
when stacked together, the corners formed a channel with U
cross section of a four cusped hypceycloid. For Identifica-
tion jiVLi l| the channels investigated were assigned
numbers. Iwmty-five channels vtrt available consisting of
rows at 12", 2^", 36", MP f and 59" above the graphite base.
These rows were numbered 1, 2, 3, U, and 5 respectively,






Figure 1, Subcrltleal assembly
20

.terline of the asset:" 3
.
,
' and &* n to the
north and south if ti llttftt Thes I ' umns v re J t-
ed from . to north a 3 columns a, t, r, 1, and e I
apeetively. I six inches fi the south w
and p li cl 1 * a
.
:gs verf
in alterna i tc form a square lattice of apprcri-
mately 6.5 , slugs were Gf< ical in
shape, 1.0C Inches fj tar and 8,00 inr
slurs vf rtcd into each of th Is utilized.
M assembly was supported on a pedestal cons is of
U x 12 incl. iks arranged so as tc provide three void
spaces beneath the assonb" - Into the outer two voids were
pla^ wc wat r tanks which provided both personnel protec-
tion from th- ron I and Sderatloa of the sour
neutrons. Into the center void was placed the oscillator
assembly.
In summary, tl etive nsions of the asseml
are 62" x & n x . . The value cf s aateri-xl lmekll& |
utilized for the theoretical calculations was
B* = 0*00037* X - ">5 *n
~2
(7)| *11« the th lea!
diffusion it used was D - 0.9 cm. (9).
i Oscillator unit
. e oscillator and photocell unit is pictured in Figure
2. When in operate








until the oscillator is immediately below the assembly cent^r-
line.
A schematic of the oscillator is shewn la Figwre 3. The
source consisted of five cylindrical or: -curie plutonium-
/Ilium sources | one inch in diameter and one and three-
eighths inches long. These sources were placed i: axle
ner) of the oscillator unit which was eon-
strained so as not to rotate. Around the axle was built up
an aluminum cylinder of 7 3/8 inch diameter filled with
paraffin and also immobile. It was desired tc restrict
neutron escape from the o3cill-.tcr, so that the neutrons came
out only in a horizontal direction. The purpose of this re-
striction was to combat a directional tendency that had
previously been noted, an 1 which effectively altered the con-
cept of a point source. To control this tendency, 0.0?
cadmium sheet metal was cemented to the top and bottom 90*
of the stationery cylinder.
Outside of this cylinder was a 7 3A inch aluminum
cylinder which was free tc rotate about the common axis. On
the inside of this cylinder was cenented a 0.03C inch thick
cadmium pattern consisting of two sine cycles. The rotation
of this cylinder permitted a sinusoidal variation of neutron
flux tc enter the assembly. I igidly attached to one base of
the patterned cylinder was a bicycle sprocket. A bicycle


















Figure 3. Oscillator unit and cadmium pattern detail

26
ternad cylindrr from another sprocket outside the subcritieal
assembly, s sprocket In turn was belt driven by a constant
spaed one-sixth horsepower AC motor rated at 1725 revolutions
per minute.
On the saae shaft with the outside sprocket was tha
chopper, or synchronized tiner, whi^h consisted of a
disc of saven inch lioa This disc was machined so that
the two alternate 90" sector e cut away. The chopper
rotated so as to <*ut the light beam between a small pre-
foeused bulb and its associated photocell. This served as
• triggering unit to ciua-. one of twe scalars tc count. By
counting for a ninety degree sector on the chopper, 180* of
sinusoidal cycle was counted.
Two photocell units were utilized, placed ^5* apart in
relation to the chopper. ^h photocell unit controlled two
scalars, one tc ccunt v/hen the light beam was unirpeded, and
the oth.r scalar tc ccunt when the beam was interrupted by
the ehopper blade. By this arrangement, each scalar counted
for 130* of oscillator rotation, but each scalar counted a
different period of the cycle.
C. Electronic Equipment
In order tc obtain precise measurements of the neutron
flux during specified portions to oscillator cycle, a




A schematic of the overall arrangement of equipment Is
shewn in Figure h. : 1 ;idly attached tc the chain rfrive axle
was the seven inch circular disc f having alternate 90* sectors
cut out. This synchronized timer disc was aligned so as to
cut the light beams (Light #1 only shown in the figure) at
c
,
90°, 180" , and 270" of drum rotation. The light beam,
consisting of a prefocused flashlight bulb, General Fleetrir
Type 222, was foeus< d onto a hole pierced into the hood ov
a phototube. When light impinged on the hole, the phototube
iuoted a current which was fed into a cathode fellow
amplifier tube and circuit. The output of the cathode fol-
lower was fed into the coinci 3 ence-anti coincidence circuit
.
• light, cathode follower, coincidence-anticoincidence
circuit, and two of the slave scalars are repeated identically
for 1- r two and its associated equipment. Only one
of these circuits will be discussed.
It is worthwhile now tc observe the other branch of the
electronic circuitry, starting vith V. utron detector, a
BF^ tube, manufactured by the I . -cd Counter Laboratory.
This tube was one inch in diameter with a six inch shank and
exhibited a voltage plateau at 2325 volts.
ihe pulses from this tube were fed into the master
scalar, a Nuelear-Chicagc lodel 186 scalar operated at a
sensitivity of 5 millivolts. This master scalar registered


















































Figure *+. Schematic of associated equipment

If
From the rate-meter Jack In the rear of the natter sca-
lar, a 5 volt (negative) square pulse, 5 microseconds vide,
vas fed into the eoineidence-artieoincid cner= circuit. All
counts registered by the master I r were fed Into this
coincidence circuit. The function of this circuit vas to
route the counts tc the proper slave scalar during any given
time interval.
m eir iiagram of the coincidence-anticoincidence
switching circuit is shown in Figure 5* Basically, it con-
sists of a power sour--, twin cathode follower circuits and
tvin switching (coincidence-anticoincidence) circuits. When
the light frcra the flashlight bulb is unimpeded, the photo-
tube (?29) conducts, impressing a signal en the grid of the
cathode follower (6Ci*). This signal is amplif >nri
aent tc the ccineidence-anticoincidence l T t. It is to
be noted that the fignal out of t' thode follower is of
negative voltage in relation to ground.
As both circuits nre identical, only circuit one will
be discussed. ! -ignal is fed to one grl4 of 71 and to
both grids of IJ« --be V3 is utilized as a cathode fcllov
tube and effectively impedes current flow when its grids are
forced neg? . e result is that no signal is ev ed
at the "Output to 'off 1 Scalar #1" connection when a signal
(i.e., light on) come3 from the cathode fc" " r.






















grid cf VI is at a slight positive potential and passes the
Malt flows through the tube. This causes the
right cire f Vl to be r.on 'endu^ting, and the puis*? cut-
put of V2 is not evidenced at a voltage change across the
"Output to •en' Scalar #1".
When the Input signal from the cathode follower Is la-
psed on the left grid of tub*5 VI, this In ases con-
ting, and th I ht grid cirn.lt conducts, in efff
closing the circuit of the right grid, ?.'cv, when a pulse
input is fed to V2, the- voltage change is evidenced as a
vol tar*c arcp across the c resistor, and this signal is
fad as a pulse tc %Jm ' ' r«
In summary, the pulses fro? master scalar are im-
pressed across both of the cathode resistors of tubes Vl and
V3. When a negative signal (light on) is fed in, ¥J becomes
rcn-ccnductin£ and the polai is not fHamtai as a voltaga
drop in I ':ode resistor of V3. The same negative signal
in Vl causes the- left grid circuit to become non-conducting
while the right circuit takes the entire current flew. This
effectively closes th* circuit cf the right grid and the
:se input of the master scalar is fed out to the slave
'on' scalar.
ht en' slave scalar used for this experiment
was a Nuclear Chicago del 192 Ultrascalar, while the
















VI. .a: . I VNTAL
A. Analysis of Neutron Waves
In t'r. termination of the characteristics cf a sub-
critical assembly using neutron waves, It is necessary to
df' ie the phase of the wave and the amplitude of the wava
at a given t. If these values are known, it is possible
to determine wave velocity and attenuation length of the wave,
and the characteristics of the suberitical assembly itself.
One of the purposes of this experiment was to devise a
satisfactory method of dei Biag this phase and amplitude?
and, hav he method, to determine the correlation between
theory and experia- nt.
It was particularly desirable that the waves be studied
at as high a frequency of oscillation as possible. At high
frequencies, on the order cf 100 radians per second or prater,
wave velocity, phase shift, and inverse attenuation
length increase significantly, permitting mora accurate de-
terminations cf the assembly characteristics using a shorter
riod of time and a smaller portion of the assembly. The
magnitude of these changes is illustrated graphically In
Figures 6, 7, and 8. M "Sj is a measure of the wave
phase change within the assembly, valla f>R can be con-
sidered as the inverse relaxation length of the wave ampli-

















































































length of the steady component, #, is a constant equivalent
to P^ at zero frequency. C parameters of 1 tanee
relates the dif. tween tho values 9« and ^. This
:ferenee is greater for high oscillation fr- cies.
.e initial attempt consisted of an analysis of the
count3 of fcur MallTip each of which counted for oscillator
J.ods of 160*4 oh counter however c d a separate
period, differing by ISO* frcra the oth'^r counters.
In order tc obtain a high oscill rrequency, a dcuble sine
pattern was glued onto the rotating oscillator drum and the
ac wa3 machined for the appropriate sequence, in this case,
cutting tr ht every 90" of drum rotation, or 180* of
oscillator rotation.
Dm U system irregularities, the plan to use fcur
Lars in conjunction was abandon* , 1 1 only two scalars
were used. This required two fvm V eac" ita taken*
although jignal output from the Mine anti-
coincidence circuit was of a distinct and censistc-nt square
shape, some of the scalar discriminators were quite sensitive
to extraneous influences and had a rather profound et on
the teantlai rate. Further, the disc: tors seemed to
exhibit drift vhich further compounded the filfficuH . Even-
tually, it was necessary to use only two scalars as the
slave scalers* One of these scalars, the Nurl' ar-Chier








on the other scalar, a iiaird-Ato Bit was quite insensitive
•xcept at each extreme. Both proved to give reproducible
results.
It was also necessary tc replace the dcuble sine pattern
h a single pattern while the associated timer was changed
to cut the light beam at etch 180^ of both drum and oscil-
lator rotation,
A direct analytical approach was devised to de: ne
the phase lag and sinusoidal amplitude. The variation of the
flux within the subcritical assembly was considered I
posed of a steady state con t with a sinusoidal com-
ponent superimposed upon it. The flux at any pcint will be
proportional to the counting rate at that pcint. At the





sin It t 0-3)
where h is the total counting rate, K is the- steady state
iting rate, -v is the relative amplitude of the sine wave
expressed as a counting rate, and ?' is the period associated
with the sinusoidal wave* At any point other than tr
source, the count rate can be expressed as
R = R
g \ sin (*j| - ©) (*)
where the I values are peculiar to the point being in-
vestigated, an:' the lag angle is ©.
•wmfQO •
ho
It is desired tc find the value of 1^ and © by experi-
mental methods.
Figure 9 shows the count rate as indicated at the
source (Firure 9a), and then as it would be at some point in
the assembly with a lag angle (Figure 9b and c).
In the original design, four sealars were electronically
svitche-d so as to count only during the periods indicated by
the cross hatched areas lettered A, B, C, and D« The areaa
A and C are associated with one pbotwllf while the arras
B and D are associated with the other cell • The areas them*
selves represent the total counts recorded during the peri
associated with each area, or 1&09 of ticn.
To obtain th total counts per cycle in area A, integrate









dt +y Rw sin(^ - 9j dt (U5)
R T»
A * £ R
s
T» -*— cos (U6)
For n eyries, the total number of counts registered during
the A interval is
R.T'n
IA * * Ri
T ' n +
~V~ CO* * (L?)
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V 3T' _, 5T
4 2 4 ' 4
|*- BOTTOM LIGHT ON^BOTTOM LIGHT OFF*]
Phase and etunting relationships st the souree
and at seme point In the assembly

U2
^ = i Rg T»n -
Jt
— Cos 0-9)
Subtraction of equation 5° from Equation L B and Iquation U9
from Equation **7 yields
2 Ft T»n






= £ r0a 9 ( ^2)
Division cf Iquation 51 by Equation 52 yields
"* - "n
Tan Q ^ _ # (53)
from which the phase angla may be obtained. Equations 51 and





= Ttf <h ' nd )2 + (na - V2]* w
It is seen that by knowing the count rate of the four
scalars, both thp phase angle and the relative anplitudo of
the wave may be found at any position within the assembly.
In order tc do! the precision of the data taken,
•valuation of the standard deviation in each value of phase
angle and relative auplituie was calculated, xhe method used






As counts are taken at points further from the sourer,
the count rate decreases due to attenuation. In order to
kaap the statistical deviation approximately constant
throughout, the length of counts was varied from a minimum
of U minutes in the lower row of channels to a maximum of 80
minutes in the upper (59") row. Further, in most channels,
a aeries of runs was completed in an effort to avoid random
variation.
A typical run was conducted as follows. About an hour
cr more prior to the run, the equipment was turned on and
allowed to warm up. Each slave counter was run for a two
minute interval and its ccunt o red with the count of the
master scalar. Highest variation encountered was 12 counts
on a total count of 60,000. The chain was then disconnected
from the oscillator, the motor was engaged sc as to turn the
light chopper, and a two minute count was taken with the
electric timer channeling the counts to the two scalars, but
with the oscillator stationary. As this caused a steady
source of neutrons tc stream up the assembly, both of the
slave scalars should read approximately equivalent quantities,
and the total of the slave scalars should approximate the
reading of the master scalar. These readings, in the final
arrangement of Baird-A tonic and Nuclear Chicago scalars,
M re invariably within statistical standard deviation limits.







The chain was then reassembled anr* the location of the
timer cutting edge verified 1n relation to the cadmium pat-
tern on the oscillator. The motor was then restarted and the
oscillator allowed to reach a steady speed*
The ccunt was started fcr the first run. During the
first run, the speed of revolution of the oscillator was
checked with a revolution counter. This was checked again
near the end of that series cf runs. Speed control was
within 2 rpm of a total of 506 rpm.
At the completion of the first count in any given hole,
the drive chain was broken and reset on the sprocket
away from its previous setting. The motor was again engaged
and the ccunt for that channel completed.
In order to make a comprehensive survey of the wave in
the assembly, counts were conducted in two of the columns and
in three of the horizontal rows. The main portion of the
data was taken at a speed of 506 rpm. One run however was
.ducted at 1,308 rpm. It this speed, vibration of the
oscillator was considered excessive and it was not considered
prudent to prolong experiments ti en it thi3 speed,











The theory predicts primarily twc things J a neutrcn wave
In a subcritical aatambly travels at a firite velocity la tha
assembly, thus exhibiting a jh^se lag at points avay from the
source; and the attenuation of the wave amplitude differs
from the attenuation of the steady state, hence this varia-
tion can be used to determine other qualities of the assembly.
The data taken from all recording runs are given in Ap-
pendix A. By substitution in litM 53, 5**» and 910 and
D15 in Appendix D, the values of the phase lag, relative wave-
amplitude, and the statistical standard deviation In these
two quantities were determined. These data have been presented
in Appendix B.
One of the parameters of prime importance was the vari-
ation of wave amplitude with distance up the assembly. When
plotting the relative counting rate versus distance on semi-
logarithmic paper, a straight lir.e should result. The slope
of this line is directly related to the inverse attenuation
length cf th -• wave, f*p in the theory propounded. This
inverse relaxation length is different from the inverse
relaxation length of the steady component **, and in this
difference lies one object of investigation.
The relative wave amplitude of the wave at 506 rpm was
plotted for columns b and c as shewn in Figures 10 and 11

























12 ?4 36 48
VERTICAL POSITION (Z), INCHES
60
Figure 10« Wave amplitude in column b f 12 inches atuth of
oent rline f 506 rp«
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necting the points associated with the upper four channels
of the column. In Appendix C, the effect of the flux con-
tributions of the higher harmonic nodes it investigated.
Theoretical considerations forecast an increase in amplitude
in the bottom channel due tc the contribution of these higher
odes* This forecast appears to have been verified, and as
a result, the experimental line has not been extended to
include the bottom channel.
It is to be noted thnt in all firures, the dotted lines,
which are riots of theoretical calculations, are indicative
of slope only, and are net to be construed as representing
quantitative measurements.
For column c, the exp rimental wave inverse relaxation
length was rained to be
PR = 0.0762 in"
1
While the correlation between theoretical and experimental
curves in Figures 10 and 11 compares favorably within the
its cf statistical deviation, the two values found vary




an error of approximately 9«5 per cent.
For column b, the experimental value of the inverse
relaxation length was
r^ m 0.0751 in"1
O fi
quite close to the experimental value found for column c.
"he theory indicates that these values of fp for columns b
and c should be identical. The magnitude of deviation from
theoretical considerations is somewhat excessive.
The amplitude of the wave at high speed (13^8 rpm) is
shown in Figure 12 as a function of the vertical distance z,
readings being taken in column c, on the centerline. The
inverse relaxation lengths were determined to be






about 10.5 v>or cent deviation, but with the theoretical value
lower than the experimental, the reverse of the findings at
low speed. The high speed runs may be looked upon skeptical-
ly, as they were only conducted one time. However, the
indication is worthy of note.
The other parameter of prime interest is the value of
^,
or the slope connected with the plot of phase lag versus
vertical position. The phase lag at various positions in
column b is shown in Figure 13 » while the lag at positions
in column c is shown in Figure lU. Both cf these surveys
were conducted at 506 rpm.
Theory forecast that the phase shift should be identical
for these cases. The slope of the curves is the quantity ^.
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Figure 13, Phase las in eolucm b t 12 inches scuth of
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height waa Iras than forecast. I of ^ for I
c vera
^ 0,710 degrees per inch - Theoretical.
^ = 0. l»-25 degrees per inch - Experimental.
nee s *+0.3 P*r cent.





For column b f the values fcund were
^ 0.710 dagrees per inch - Theoretical
^ = 0#2V0 degrees p^r inch - Ixperimontal
Difference 66.2 per cent
Vy = 12,6*43 inches per secend.
The value of the diffusion coefficient was calculated
using Equation l l and the data for column c, and was found
tc be
D = 0.53L inches
This value should be viewed with considerable skepticism.
The value of material buckling f ticn l*2
was negative. is is in disagreement vlth r~cvlcus meas-
urements and has net been inelune<3.
Figure 15 is a plot of th>- phase lag versus height for
the high speed run, and this deviates even farther from the
forecast phise lag.
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from theory, additional phase and amplitude studies were
conducted at varicus points la the assembly*
In Figure 16 is plotted the ware amplitude as a function
of horizontal position at thre<* height levels. The curves
are cosine, curves with amplitude corresponding tc the naxinram
amplitude at til c tit r. It is tc be seen th^t the amplitude
agrees with the theoretical prediction of a cosine distribu-
tion of flux within the MlwM .
In Figure 17, the phase lag at varicus levels in V
assembly is shown. In all cases, theory predicts that these
should be horizontal lines indicating equal lag within each
level. It is obvicus that this state does net exist until
fourth row is approached, A non-rigorous explanation of
this phenomenon can be thoorlzrd. Ihe oscillator allowed
neutron egress through the tcj: 180* of its arc of rotation.
In the theoretical derivation, re lat scur^e vas stipulated.
As the oscillator rotates, it has a directional tendency,
allowing neutrons tc xit in line with the open area of the
pattern. The pat' es in such a manner that exit
areas are opened in a sidewise direction before reaching a
vertical direction. 'I bus some neutrons, exiting 3ust after
the minimum has been passed, will r< northernmost I
of the assembly, i.e., column e, before the reference tirne,
as noted on the o< -ire, i.:., column c. This would ex-
plain how channel li of Figure 17, exhibits a phase lead?
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figure 16. v yave amplitude at the 2** f 36, and U8 Inch levels
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Figure 17. Phase lag at the 2^f, 36, and k8 inch levels
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., ccoMfMrtly t:-. - r—Inlm portloa if Ifeu ivfii Ptt
rows 2 aru3 3. As the neutrons progress up the assembly, the
diffusion tendency is to exit lovai rea3 I I n utron
density, thus leveling off the curve at higher levels. This
phenomenon associated with the oscillator , will aid con-
siderably in explaining the difference in slcpe of the Q
versus z curves for column b and c (see Figures 13 and iM.
If Mm dir cticnal quality of the neutron beam were not
present, the lag of the lower thrc channels of column b
would be considerably less, causing the slope of the experi-
mental line tc ach the theoretical <mrve more closely.
This al3c illustrates the fact tfeat any readings taken to
detenaine f; or ^ i-.ust fct taken on the centerline of the
assembly.
In order to verify V. flux did indeed vary sinrs-
cidally throughout the assembly, one minute ccunts were taken
In channel lf and 2a, whi"1. the oscillator
drm in ten degree increments. Thi -*a"!ibr«3tion is
shewn in F | it is tc be seen that the flux
distribution aces indeed fellow | sinusoidal pattern.
I effect of the end correction factor was investigated
•
For the area investigated, the end correction factor MM
found tc take on a value of . " for the fifth row. All
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Figure 18. Static calibration *tt repreaent^tiv«> channels
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In evaluating the ov results i riment,
several things are evident. In iJ IU( the value ' r f
was less than forecast, «hi« tha wav ^ity
is greater tha? I by the theory, the data
taken at high speed i nsidored reliable, it did in-
dicate that this deviation between theory an -nent
broa -Irns.
There is n tc believe that the experiment was
carried out a range of atserably h 3sht. In
the lower 3, tl: rsists cf I HtlltftM from
the source which Von eluded in ri^inal diffusion
equation, ion 3' A tendency has also been noted fcr
the curve of © versus z to level off at the upper extremes,
indicating that the wave like qualities cf the neutron wave
disappear at a moderate distance from 3ouree. It is of
interest along this line of reasoning tc that Ifclevel
and Horowitz (M limited their investigations to approximately
inches of medium, and c> new} slight fluctuations from
statistics it the cuter extreme. These experiment
ried cut at r "y hi; ipeed, between U800 and
15,000 rpm.
While the wave attenuation agreed vithin
en th the theoretical considerations! the deviation was
• great tc arrive at values for II diffusion
icient, Tr. n&l tion of th ory and experimental
.
61
attenuation lengths was less distinct at the high ft nitty
investigated | although again, th .: data taken at this speed
are subject to -derable doubt.

VIII.
A theoretical and experimental study was undertaken to
determine the characteristics of neutron waves within the
natural uranium - graphite suberitiol mwiW| of the Iowa




diffusion coefficient and the buckling of the •••©rably.
As a result of this study, it was fcund that:
(1) Neutron waves do exist in the assembly when an oscil-
lating source is introduced. Furthermore, these waves do
follow the tendency forecast by the theory.
(2) Tfea wave velocity in all cases investigated was hirecr
than forecast by the theory. There was seme indication th
deviation became as the oscillator frequency was
increased.
(3) At high frequencies, the correlation between theory and
experiment becomes even 1« Istlnct. It is speculated that
the position invest! should be limited to the rtnfl cf
h • ights between 15" and L0".
(*0 ! b the phase and amplitude measurements agreed
moderately well with! imental error, the correlation
was not sufficiently close to determine a value of II
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Table 1. Ifcta at 506 rpm
nnel Duration h V h \
la U kiH* 39c U2258 3911^
W2221 397^2 ^7.527 39299
^217h 39301 772 W
lb w 97683 93187 X>509
15 91 1 99U99
97678 91696 99676 -703
92073 99390 90
U k 121976 120^65 129595 518
122188 11931° 128795 111625
121565 120030 iia>
121616 11951 129^55 111319
223U 1201 III 9096 112U10
2a Ik 7h3 hl 71637 75176 770
2b 7 ^3591 -ol 849 79529
83796 "60 85378 79111*
fed 80788 85389 7°"
83^20 8li 6*6*1 *M
8U195 ,97 79600
DM 7 51 )$L 79U9U
83^12 81291 06 79338
817











2d 1157^ 1155 1 119386 U 09
2c
1 68072 -95 71268 66169
|t 20 108821 105^93 ] 10107 102173
10335^ 1 00U23 5779 9'Q331
u 15 OM 96 <7 91 '
98276 96022 100301 9**368
99). 09 9^
3d : 31 11 110569 70
u* 1* ^63 L7750 50589 1,7-
Vb 35 113 766 8U7°1 79662
81375 "'09 700
w« 35 30700 9797U n 96271.
101205 98" 2577 <">6695
100662 98509 1 02662 96301+
100331 98553 ,?78U 97015
fci 20 wrtji l*6379 Hft ^5721
v« u 5 1 UP9L5 5r!692 ^66
9k 80 >'5 83728 787^5
5c 80 100109 9^ 96
»f







lc h ^0 11**639 6617 107c6o
1212^6 1266 1
170616 '5112 6369 v
2c 7 101812 95960 50
. ho 95699 ,J 07
3e 15 97215 9133S 93715 90269
1.0 n 98915 fiVM 100016 ilk
If
XII. APPENDIX Bl AND AMPLI UTION
Tabic 3* Mtude in v nr.els
Channel 1 Rw
la 506 )§• 5' + 1,658 i 112
lb 29" 06' + i ,1*30 + 171
lc b^1*' v) J I 6,550 l 192




2c 3nU« f -,71l i 99




"f 1 i 57I+ + 1*2
3b tr 3*10' 651 i 36
3c 17" 05 1 4 3"3<? 752 + ^6
3d 1 3" 20 • 623 1 36
Ua wp** ' 4_ f 12U + 11
Vb 22 ' £ it«m< 2U6 x
Uc 21 1 1 296 + 20
Ud 27 f°'6 l ' 262 + 2U
Lf? 22*06 ' + • 99 + 11




lc 1308 -U6 ' 1"26 1 1 .:.7o 1 192






1308 JO 1 2*26' 1,077 1
1308 V + 2"15' I ± 20

:i. appek: mcsam
Tho flux at any pcL.t In the assembly was given In Part
IV at
^








In order to determine the relariv varic
*r modes, it Is necessary to evaluate the cms tints K^
and CI
The source is considered as a point source at the origin
•nit: .eutrens at a rate 3^ S It 1 irtrons per
•accnd# A source of this kind may be written as 3 S(x f y) nt
2=0, where S(x,y) is the Dirae delta function, which is
defined to be zero everyvV -cept at x * y 0, where it
has a value such that
~oo f 5(x,y) dx dy 1 1)
It is to be seen that as a *
;
uenee of this definition of
the delta function
1.
f (x) S(x) dx m f (0) (I
- aa
or in other word?;, the value of any integral containing the
ltl function is merely the value of th' functicr Mj







deration, tha s I my be written
oo r °°
/ / S(x,y) is dy (r3)
.oo y- oo
oo n oo
c A A (So * s '-
1U)t
> ^(3tfy) ** dy
J — oo y. oo
In order tc det i* 4^. and CL^t expand the source in
ran nrn 7
r
a series of orthogonal functions that satisfy — ndary
condition th?.t it is S
t
S(x,y) at z =
n»l n=l
cos »js eos sgz (cu>
where th< values S^ and S r are coefficients related
°mn an
tc the source strength.
To determine the So^ and S terras, each side of
tion CU is M ied by ecs -—^ ccs *?*^ and integrated over
the range -£a - x - £a and -£b - y - &b. These M its of
integration may be used because values of the function S^
outside this range are zero, and of course integrate to zero.
Since t*v functions are orthogonal in the intervals










(S - S e10* )f 2 oo*2 ®&<\xf i2 ag* dy ley)
v/- ' J-2 2
The integral on the left is, as a consequence of Equation C2
ML Se1Wt ) cos aifi e01 «a a s 5eitot (C6>
o a d o
The two integrals en the right reduce to &a and Jb respective-
ly. Hence, iquation C^ reduces to
ii °mn ran
'





The 3curce condition to be satisfied is that the number
o
neutrons flowing out of the plane z = per en. per
in each mode sust be equal tc the number produced in tY
node by the scuree. If the assumption is mad? I the M -
rent density in the mn mode in the z direction is equal to
one half the neutron.- ueed by the source in that mode,
the eurr iity is equal to one half of thl value cf the
source conribution of :on CU, or
J . *<S 3 e1"*) cos &I* cos *£* CC1 ~
)















The current density is related to flux by
J ~ 1 3Z
J
.
= D k H cos ^ cos ^?on inn "ran a b
+ D C P cos ^^ COS ^ 6T
ran rran a b
Equating Equations Cl] tai <"
iwt
>
am ' a b D "8I
M a b D p^rmn














U cos SIM ros H2X e-^nz ei«t
1 :n
(Cl6)
While it is not possible in this as Latst to solve fcr
S and S directly, the ratic of the tvo quantities enn be
determined. If jx on the z axis only are investigated,
and if the following substitutions are performed








Al a b D
Bqwation Clu reduces to
m=l n=l ° r - -/.. 'inn
In order to investi ate the effect of the various higher
nodes 9 the flux contributions cf the lcwr-st four modes was
det .ed, and their curi ve totals plotted in Figure
19. Is pV I in units proportional to the
source str '•>. For the angular velocity investigated,
506 rprc, fl and p in va^u'- that the ordinate
. be considered either as units of A or A., of Fquation CI 7.
the shape of the emitted wave, static
counts were taken at each 10" of drum rotation, i elding the
curves of PlgWI ] . itude of the sine wave in this
figure is proportion,- eith r the defined quantity
A,
,
while the steady state or average MVKt i r proportional
tc es o or A . For channel 1c the ratio of th
amplitudes was
I- = 0,11 (CIS)s
o
This ratio decreases with dls* from the source. Thus,
the value given in tlon ClB is to be considered as an
approximation only of the wave amplitude to steady stat
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Figure 19« Flux contributions of various rodet
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aIV. APPEBDIX D: ICN OF STANDARD DEVIATION
In order tc determine? the precision of the dat*» taken,
evaluation of the standard deviation in e**ch v«ilue if phaaa
angle and wave amplitude were made. The generalized formic
I
for standard deviation of a day it function u, in terms
of the independent variables x1 , y.->, x^, etc. is given in





£& 2 2 (Dl)










a". *%« feR (D2)
where Ecuation ^3 is written as
-1 % *












"^A (1 + 7> 2 )(H A -
(DU)











(1 +7> 5 )(NA -
(D6)
(D7)
The individual standard deviations are
05 « <na >* (D8)
V <Vi
Substitution of the given values in the generalized formula
ives
.2 ~V*1k %
CTe =: J3 2s2,(1 +Z>^r(NA - Nr )" (1 +-?*)*<NA - Nc )
~?
2 %
* (1 T^)2^ - Nc )





As the sura of (NA N^) is equal to both the tctal o








)2 4 ( - V 2 (D10)
In a similar manner, ths standard deviation in the sine tag


























- (% - V2 - <* - Nr )2 12)
Is used, the partial derivatives sre fcund to be
< MA '
a
w -ir M " >>
13)





























Upon simplifying and substituting, the Standard deviation in
i amplitude is found tc be
°K - rfrr <»* V* (Dl
Xxfi






